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Hrs Regulates Endosome Membrane Invagination
and Tyrosine Kinase Receptor Signaling
in Drosophila
lumen (Odorizzi et al., 1998). Hrs and Vps27p contain a
FYVE domain which binds specifically to phosphatidyl-
inositol-3-phosphate (PI3P), and this domain has been
demonstrated to localize many proteins to the early en-
dosome (Burd and Emr, 1998; Wurmser et al., 1999).
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In addition to a role in vesicle trafficking, Hrs has
been proposed to play different roles in several signalSignaling through tyrosine kinase receptors (TKRs) is
thought to be modulated by receptor-mediated en- transduction pathways. Hrs binds to Stam, a protein
implicated in cytokine signaling (Asao et al., 1997), anddocytosis and degradation of the receptor in the
lysosome. However, factors that regulate endosomal Hrs and Stam both contain VHS (Vps27p, Hrs, Stam)
domains present in several proteins implicated in mem-sorting of TKRs are largely unknown. Here, we demon-
strate that Hrs (Hepatocyte growth factor-regulated brane trafficking or signal transduction (Lohi and Lehto,
1998). Overexpression of Hrs inhibits IL-2-mediated celltyrosine kinase substrate) is one such factor. Electron
microscopy studies of hrs mutant larvae reveal an im- growth, suggesting that Hrs may function with STAM to
negatively regulate cytokine signaling (Asao et al., 1997).pairment in endosome membrane invagination and
formation of multivesicular bodies (MVBs). hrs mutant In contrast to this inhibitory role, Hrs has recently been
proposed to play positive roles in both TGF- and EGFRanimals fail to degrade active epidermal growth factor
(EGF) and Torso TKRs, leading to enhanced signaling signaling. Hrs binds to SMAD-2, and hrs mutant mouse
embryos exhibit a reduced response to activin andand altered embryonic patterning. These data suggest
that Hrs and MVB formation function to downregulate TGF- (Miura et al., 2000). Furthermore, overexpression
of Hrs in HeLa cells inhibits ligand-induced degradationTKR signaling.
of EGFR (Chin et al., 2001), suggesting that Hrs may
normally promote EGFR signaling by inhibiting endo-Introduction
some to lysosome trafficking of the receptor.
Thus, although numerous data suggest Hrs may playMembrane trafficking events are tightly regulated to en-
sure proper spatial and temporal delivery of membrane a role in vesicle trafficking and signal transduction, the
precise function of Hrs in these processes is unclearbound cargo. Fusion of intracellular vesicles with their
target membrane requires the formation of a highly sta- (Komada and Kitamura, 2001). To further investigate the
function of Hrs, we analyzed the effects of the loss ofble core complex (Skehel and Wiley, 1998). Regulation
of the formation of this complex may modulate vesicle Hrs in Drosophila. Our data suggest that Hrs regulates
inward budding of endosome membrane and MVB for-fusion. One proposed regulator of core complex assem-
bly is Hrs (Hepatocyte growth factor-regulated tyrosine mation. More importantly, we demonstrate that hrs mu-
tant animals are unable to degrade active EGFR andkinase substrate), which binds to the plasma membrane
t-SNARE SNAP-25 and inhibits core complex formation Torso TKRs leading to enhanced TKR signaling.
in vitro (Bean et al., 1997; Kwong et al., 2000). Addition
of Hrs to a neuroendocrine cell assay inhibits neuro- Results
transmitter release, suggesting that Hrs may regulate
Ca2-triggered exocytosis. Interestingly, Hrs is predomi- Drosophila Hrs Is Ubiquitously Expressed
nantly localized to early endosomes (Komada et al., and Essential
1997), and Hrs mutant mice have enlarged endosomes A single Hrs homolog was identified in the Drosophila
(Komada and Soriano, 1999). Furthermore, Hrs interacts genome, and sequence analysis of a 2.7 kb hrs cDNA
with Eps15, a protein implicated in receptor-mediated predicts an open reading frame of 760 amino acids with
endocytosis (Bean et al., 2000). Thus, Hrs has been several well-conserved domains (Figure 1A; Mao et al.,
proposed to play roles in both exo- and endocytosis. 2000). The hrs gene was mapped to cytological band 23A
Hrs is homologous to yeast Vps27p (vacuolar protein and is removed by deficiency Df(2L)N19 (Df). Alleles of
sorting), which regulates protein trafficking from a pre- several complementation groups mapping to Df(2L)N19
vacuolar compartment to the vacuole (Piper et al., 1995). were previously isolated in an EMS mutagenesis screen
Vps27p belongs to the Class E subset of VPS proteins, for mutations in synaptotagmin (DiAntonio et al., 1993;
which are implicated in sorting proteins into the vacuole Littleton and Bellen, 1994). An 11.5 kb genomic DNA
fragment containing the hrs gene or the hrs cDNA driven
by the hsp70 promoter (hs-hrs) fully rescues the early6 Correspondence: hbellen@bcm.tmc.edu
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Figure 1. Drosophila hrs: Structure, Expres-
sion, and Mutational Analysis
(A) Drosophila Hrs protein domain structure,
including VHS and FYVE domains, ubiquitin
interacting motif (UIM), Proline-rich (Pro) and
Pro/Gln-rich (Pro/Gln) regions, and coiled-
coil (coil) domain. Asterisk indicates prema-
ture stop codon in hrs mutation.
(B) Western analysis of third-instar larvae (L3),
white prepupae (WPP), and embryos (0- to
4-hr-old or stage 17) from wild-type (wt), hrs
(hrs), maternal knockout (mKO), or Df animals
using anti-FL-Hrs antibody. The blot was
stripped and reprobed for actin to demon-
strate protein loading.
(C) Same experiment as (B) using an antibody
generated against the amino-terminal half of
Hrs protein (anti-N-Hrs). In hrs animals, a 30
kDa band (asterisk) is detected, the predicted
size of the truncated protein.
(D–G) Expression of Hrs (green), using anti-
FL-Hrs in muscle 6 of (D) wild-type, (E) hrs,
and (F) BG57 (GAL4 expressed in muscle
cells)/ UAS-hrs, and (G) garland cells of third-
instar larvae. Toto-3 (purple) labels DNA.
(H and I) Anti-FL-Hrs antibody (green) labels
type I boutons of the NMJ (H), shown co-
labeled with anti-Synaptotagmin (Syt, red),
but Hrs is not enriched in the neuropil (asterisk) of the CNS (I).
(J and K) Endocytic trafficking in garland cells. Wild-type (J) or hrs (K) garland cells were allowed to internalize avidin-Cy3 for 5 min, then
were washed and visualized live. The scale bar equals 10 m. A single confocal section is shown. (inset, 2.5 enlargement).
pupal lethality of l(2)23AdD28/Df and l(2)23AdD28/ vesicles are predominantly in the periphery of garland
cells (Figure 1G). These staining patterns are specific,l(2)23AdD28 animals but not other mutations in this region.
These data demonstrate that the l(2)23AdD28 chromo- as they are not seen in hrs mutant cells (Figure 1E).
Interestingly, overexpression of hrs (Figure 1F) leads tosome (hereafter referred to as hrs) contains a mutation
in the hrs gene. Sequencing of DNA from mutant animals an enlargement or accumulation of Hrs-positive vesicles
and a reduction in cell size.revealed a nonsense mutation at amino acid Q270 (as-
terisk, Figure 1A). As shown in Figure 1H, both Hrs antibodies also label
type I synaptic boutons of the neuromuscular junctionPolyclonal antibodies were generated to the full-
length (anti-FL-Hrs) and amino-terminal half (aa 1–376, (NMJ). There is some colocalization of Hrs with the syn-
aptic vesicle (SV) marker Synaptotagmin, but most stain-anti-N-Hrs) of the recombinant protein. As shown in Fig-
ure 1B, Western analysis of fly extracts using the anti- ing appears to be outside SV-rich regions. However,
electrophysiological analysis of wild-type and mutantFL-Hrs antibody detects a major band of 110 kDa in
wild-type animals, whereas no protein is detected in neuromuscular junctions suggests that Hrs does not
play an important role in regulating synaptic vesicle exo-hrs third-instar larvae (L3) or white prepupae (WPP).
However, as shown in Figure 1C, the anti-N-Hrs antibody cytosis (see supplemental Figure S1 at http://www.cell.
com/cgi/content/full/108/2/261/DC1). Furthermore, Hrsrecognizes a 30 kDa band in mutant animals in addition
to the 110 kDa band in wild-type animals, suggesting is not enriched in the synapse-rich neuropil of the larval
brain (Figure 1I, asterisk), even when overexpressed inthat a 270 amino acid truncated protein is expressed in
mutant animals. Furthermore, the presence of full-length neurons using the elav-GAL4 driver (data not shown).
Hrs protein in late stage 17 Df embryos suggests that
maternally deposited Hrs protein is very stable and may Hrs Regulates Endosome Membrane Invagination
and Synaptic MVB Formationcompensate for the loss of zygotic Hrs in embryonic
development. Indeed, embryos produced by mothers To determine if Hrs functions in endocytosis, trafficking
of internalized tracers was investigated in third-instarhomozygous for hrs in their germline cells (maternal
knockout or mKO—see Experimental Procedures) lack larval garland cells, large cells with a high rate of fluid-
phase endocytosis (Narita et al., 1989). Wild-type gar-full-length Hrs protein (Figure 1B) and die early in em-
bryogenesis. Thus, the effects of loss of Hrs function land cells show strong labeling of peripheral vesicles
after a 5 min incubation with avidin-Cy3, indicating rapidmay be analyzed in zygotic mutant third-instar larvae/
early pupae or in germline mutant embryos. internalization of dye into endosomes (Figure 1J). Mu-
tant cells are much larger than wild-type cells but showAnalysis of the protein expression of Hrs suggests
that Hrs is ubiquitously expressed. To determine the strong labeling of peripheral vesicles, suggesting that
dye internalization is not significantly impaired (Figuresubcellular localization of Hrs, expression was exam-
ined in garland cells and muscle cells of third-instar 1K). However, many labeled vesicles (endosomes) in
mutant cells are much larger than those observed inlarvae. Anti-Hrs labels vesicles enriched in perinuclear
regions of muscle cells (Figure 1D), whereas labeled wild-type cells (Figures 1J and 1K, insets). Furthermore,
Hrs Regulates TKR Degradation and Signaling
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Figure 2. Function of Hrs in Endosome Matu-
ration
(A–F) Garland cells from wild-type and mutant
larvae were incubated with HRP (stained
black) for 5 min and fixed for TEM.
(A) Numerous endosomes containing HRP
(both along the membrane and in aggregates)
are seen in wild-type cells (asterisk). Scale
bar equals 2 m.
(B) Many endosomes (asterisk) are dramati-
cally enlarged in hrs mutant larvae, and the
majority of HRP labels a tubulo-vesicular net-
work close to the surface of the cell (arrow-
head). Scale bar equals 2 m.
(C–F) Endosomes mature by forming invagi-
nations of their limiting membrane (C–D) and
eventually collapse upon themselves (E–F).
Scale bar equals 0.5 m.
(G) Endosomes were classified and counted
as noninvaginated (not shown), invaginated,
or collapsed, and shown as the percentage
of total endosomes for wild-type (filled) or
mutant (open) garland cells. In wild-type cells,
115 endosomes from sections of five different
cells were counted, while in hrs, 188 endo-
somes from sections of six cells were
counted.
(H) TEM of a wild-type synaptic bouton of the
NMJ showing synaptic vesicles, a rare large
multivesicular body (MVB, asterisk), and sev-
eral small MVBs (arrowheads). Scale bar
equals 100 nm. The inset shows 3-fold magni-
fication of a small MVB to show internal vesi-
cles (arrow).
(I) TEM of a mutant bouton, showing a small
MVB (arrowhead).
(J) The number of small synaptic MVBs, de-
fined as vesicles (60–120 nm) with at least
one internal vesicle, were counted in six nerve
terminal sections of three larvae. Wild-type,
2.7  0.5 (SEM) MVBs per synapse area
(m2 ); hrs, 0.5  0.1, p  0.002.
analysis of lysosomal markers suggest that while lyso- upon themselves (Figures 2E and 2F) (Koenig and Ikeda,
1990). In hrs garland cells, there is a strong reductionsomes are reduced in size in hrs mutant cells, smaller
endosomes are capable of delivering avidin to low pH in the relative number of invaginated endosomes (5-fold,
p 0.008) and collapsed endosomes (10-fold, p 0.003)compartments at a rate similar to wild-type cells (see
supplemental Figure S2 at http://www.cell.com/cgi/ (Figure 2G). These data suggest that endosomes are
enlarged in hrs mutant cells due to an inability of endo-content/full/108/2/261/DC1).
Next, hrs mutant endosomes were analyzed using somes to invaginate their limiting membrane.
Inward budding of endosome membrane is believedtransmission electron microscopy (TEM). Garland cells
were incubated with HRP for 5 min, fixed, and sectioned to be the first step of multivesicular body (MVB) forma-
tion (Felder et al., 1990). To determine if MVB formationfor TEM. In wild-type garland cells, HRP labels the lumen
and internal membrane of peripherally located endo- is impaired in hrs mutant animals, we performed electron
microscopy at the NMJ. In wild-type synapses, large,somes (Figure 2A). In hrs mutant larvae, mutant endo-
somes are dramatically enlarged, but do not show signif- classical MVBs are occasionally observed (Figure 2H,
asterisk), and they are believed to be endosomal inter-icant HRP labeling, despite their ability to internalize
avidin dye (Figure 2B, asterisk). Rather, in mutant cells, mediates containing synaptic vesicle proteins destined
to be delivered to somatic lysosomes (Fergestad et al.,HRP labels a vast tubulo-vesicular network at the pe-
riphery of mutant cells, which is not seen in wild-type 1999). Much more frequently, though, we observe 60–
120 nm vesicles that also appear to contain small inter-cells (Figure 2B, arrowhead). Finally, endosomes in wild-
type garland cells undergo invagination of their limiting nal vesicles (Figure 2H, arrowheads and inset). Remark-
ably, in hrs mutant synapses (Figure 2I), there is amembrane (Figures 2C and 2D) to eventually collapse
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5-fold reduction in the number of these small MVBs is prevalent in mutant animals but barely detectable in
wild-type embryos. These data suggest that a failure to(Figure 2J; see also supplemental Figure S3 at http://
www.cell.com/cgi/content/full/108/2/261/DC1). These data degrade the active cytoplasmic portion of the receptor
may underlie the increased Torso signaling observed insuggest that Hrs regulates formation of MVBs at the
synapse. early embryos. To further examine degradation of the
Torso receptor, the kinetics of receptor protein expres-
sion were examined in wild-type and mutant embryos.Hrs Is Required for Torso TKR Degradation
In wild-type embryos (Figure 3J), Torso protein expres-and Signal Termination
sion is maximal just prior to receptor activation (1–2 hrOne proposed function of multivesicular bodies is to
AEL) and is rapidly downregulated such that it is barelypartition transmembrane proteins and lipids destined
detectable by 5 hr AEL. In hrs mKO embryos, on thefor delivery to the lysosome from those destined to be
other hand, Torso protein levels fail to decline until 9–10recycled back to the surface of the cell (Felder et al.,
hr AEL, at which time zygotic expression of hrs is abun-1990; Futter et al., 1996). While most cell surface pro-
dant. These data demonstrate that hrs is essential forteins are recycled from endosomes, activated TKRs
Torso TKR degradation.such as the EGFR are trafficked inside MVBs for degra-
dation in the lysosome. Because Hrs is phosphorylated
in response to TKR activation (Komada and Kitamura, Hrs Negatively Regulates Egfr Activity and Is
Required during Gastrulation1995), we investigated the possibility that Hrs regulates
TKR degradation and signaling in Drosophila. During early gastrulation, hrs mKO embryos display nu-
merous morphological defects. Some mKO embryos failThe first TKR pathway we analyzed is the Torso path-
way which functions very early in development to pat- to complete posterior terminal cellularization (Figure 3H,
arrowhead), and their yolk appears to be extruded pos-tern the embryonic termini (Perrimon, 1993). The Torso
receptor is present throughout the surface of the early teriorly during gastrulation. During germ band elonga-
tion, most hrs mKO embryos undergo highly abnormalembryo, but it only binds ligand at the poles (Sprenger
and Nu¨sslein-Volhard, 1992). Ligand binding of the development and exhibit aberrant folding (Figure 4B) or
twisting (Figure 4D). The vast majority of mutant em-Torso receptor triggers the ras/MAPK cascade leading
to the phosphorylation of ERK/MAPK (Doyle and Bishop, bryos arrest morphological development prior to germ-
band retraction, and few secrete cuticle. These pheno-1993). A diphospho-ERK (dpMAPK)-specific antibody
has been used to investigate TKR signaling in the early types suggest that hrs may be required to regulate
multiple early embryonic signaling pathways.embryo (Gabay et al., 1997). In wild-type embryos, termi-
nal dpMAPK staining initiates approximately 2 hr after Next, we analyzed the effects of loss of Hrs function
on the Egfr pathway. Egfr signaling is required for aegg laying (AEL), peaks about 30 min later (Figure 3A),
and then rapidly terminates during the initiation of gas- wide variety of cell fate decisions throughout Drosophila
development (Schweitzer and Shilo, 1997). Secretion oftrulation (Figure 3B, arrowheads). In cellular blastoderm
hrs maternal knockout (mKO) embryos, dpMAPK stain- the Egfr ligand, Spitz, in the ventral midline leads to
graded activation of Egfr and the ras/MAPK cascade ining is enhanced and spatially broadened (Figure 3C)
when compared to wild-type embryos (Figure 3A). Fur- the ventral ectoderm (Golembo et al., 1996; Schweitzer
et al., 1995). As shown in Figure 3B (lateral view, aster-thermore, dpMAPK expression remains elevated at the
anterior and posterior termini during early gastrulation isks) and Figure 4E (ventral view), dpMAPK staining is
present in the ventral neuroectoderm and dorsal ce-(Figure 3D, arrowheads) when compared to wild-type
(Figure 3B, arrowheads). Hence, Torso signaling is both phalic regions of the gastrulating embryo, and this stain-
ing pattern requires Egfr activation (Gabay et al., 1997).spatially broadened and temporally prolonged.
MAPK activation induces the expression of the termi- dpMAPK staining in these regions is expanded in hrs
mKO embryos (Figures 3D and 4F), demonstrating thatnal gap genes huckebein (hkb) and tailless (tll), and the
pattern of expression of these genes can be used as a Egfr signaling is enhanced in the absence of Hrs.
Next, we examined whether enhanced MAPK signal-quantitative readout for Torso receptor activation (Ghig-
lione et al., 1999). As shown in Figures 3E and 3G, in ing in the ventral ectoderm resulted in an expansion
of ventral fate. The transcription factor ventral nervousmutant embryos, both anterior and posterior domains
of hkb are significantly expanded by 23% (n  10, p  system defective (vnd) is a primary target of Egfr signal-
ing in the ventral ectoderm, and genetic manipulations0.0001) and 50% (n  10, p  0.0001), respectively.
Similarly, the anterior stripe of tll is moved posteriorly leading to enhanced Egfr signaling lead to an expansion
of cells expressing vnd (Gabay et al., 1996). In hrs mKOby 50% (n  10, p  0.001), and the posterior stripe is
expanded by 25% (n  10, p  0.06) (Figures 3F and embryos, there is an expansion of the number of cells
expressing Vnd from 1–2 in wild-type (Figure 4A) to 3–4 in3H). Thus, these data confirm that Torso signaling is
enhanced and broadened both spatially and temporally the mutant (Figure 4B). Furthermore, Fas III expression,
known to be a downstream target of Egfr activation (Razin mutant embryos and demonstrate that Hrs negatively
regulates signaling of the Torso TKR pathway. and Shilo, 1993), is upregulated in hrs mKO embryos
(compare Figures 4D and 4C). Thus, a dorsal expansionNext, we investigated whether an increase in Torso
signaling was due to the failure of receptor degradation. of cells expressing dpMAPK and Vnd and an upregula-
tion of Fas III expression suggest that Egfr signaling isAs shown in Figure 3I, total levels of the Torso receptor
in early (0–4 hr) embryos are similar between wild-type enhanced in hrs mKO embryos.
To determine if enhanced Egfr signaling is due toand hrs mKO embryos. However, a 56 kDa band corre-
sponding to the cytoplasmic domain of Torso (500 aa) increased receptor activity, we examined tyrosine phos-
Hrs Regulates TKR Degradation and Signaling
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Figure 3. Role of Hrs in Modulating Torso Signaling Pathway
(A–D) Cellular blastoderm embryos (A and C) and stage 6 embryos (B and D) were stained with anti-dpMAPK antibody. Anterior and posterior
domains of dpMAPK expression (A, C, and arrowheads in B and D) are due to Torso receptor signaling, whereas asterisks in (B) and (D)
denote regions of Egfr activation.
(E–H) Cellular blastoderm embryos were probed for expression of hkb (E and G) or tll (F and H) mRNA using in situ hybridization. Arrowhead
in (H) denotes terminal cellularization defect. Below: Quantitation of hkb and tll expansion; wt, upper; hrs, lower. Expressed as percent embryo
length (100% anterior, 0% posterior).
(I) Protein extracts from 0 to 4 hr AEL wild-type (wt) or hrs mKO (hrs) embryos were separated on a polyacrylamide gel and probed for the
Torso receptor (arrowhead) using an antibody generated against the 56 kDa cytoplasmic domain (denoted by asterisk).
(J) Same as in (I) above, but 1 hr collections (0–7 hr) of embryos. The lower band is a nonspecific band and can be used as a loading control.
In addition, blots were stripped and reprobed for actin to ensure equal loading (data not shown).
phorylation of the receptor by immunoprecipitating Egfr conserved among all species examined (Figure 4I), so
we determined if Hrs interacts with ubiquitin using GSTfrom pupal lysates and Western blotting with a phospho-
tyrosine-specific antibody. As shown in Figure 4G, levels pull-down assays. As shown in Figure 4J (top), GST-
ubiquitin but not GST readily pulls down the full-lengthof tyrosine-phosphorylated receptor are increased 2- to
3-fold in hrs/hrs and hrs/Df animals when compared to Hrs protein from pupal extract. This interaction is direct,
as GST-ubiquitin also binds purified recombinant N-Hrswild-type (/) or heterozygous (hrs/) animals. When
these same membranes are stripped and reprobed with (aa 1–376) protein containing the UIM (Figure 4J, bot-
tom). These data demonstrate that Hrs binds ubiquitinanti-Egfr antibody, we find that total levels of the recep-
tor are actually decreased approximately 2-fold (2.2  and suggest that Hrs may regulate endosomal sorting
of TKRs via a direct interaction of Hrs with ubiquitinated0.2, using I125 quantitation) in hrs/hrs and hrs/Df mutant
animals. Together, these data indicate that the relative receptors.
levels of the active form of Egfr are increased approxi-
mately 5-fold in hrs mutant animals. Finally, levels of Discussion
other ubiquitously expressed surface transmembrane
proteins examined at this stage are unchanged or Here, we investigate the role of Hrs in membrane traffick-
ing and signal transduction. We have identified the Dro-slightly decreased in mutant animals (Figure 4H), sug-
gesting that there is not a general defect in turnover of sophila homolog of Hrs, which is highly conserved be-
tween flies and vertebrates. A mutant allele of hrs whichplasma membrane proteins.
contains only the amino terminal third of the protein
behaves genetically as a null mutation, as all phenotypesHrs Contains a Highly Conserved UIM
and Binds Ubiquitin observed (e.g., enlarged endosomes and increased Egfr
tyrosine phosphorylation) are equivalent in hrs/hrs andRecent evidence suggests that ubiquitination of endo-
somal TKRs may be a signal for trafficking to the lyso- hrs/Df animals.
some rather than recycling to the surface (Hicke, 2001).
However, factors that bind ubiquitinated TKRs and sort Role of Hrs in Vesicle Trafficking
Hrs has been proposed to play a role in at least threethem into MVBs are unknown. Recently, a 20 amino acid
ubiquitin-interacting motif (UIM) conserved in family vesicle trafficking events: exocytosis, endocytosis, and
endosome to lysosome trafficking. We have analyzedmembers of the proteosome subunit 5A (S5A) has been
found in a large number of proteins, including several each of these trafficking steps in hrs mutant larvae,
and we have only found a role for Hrs in endosomalproteins implicated in endocytic trafficking (Hofmann
and Falquet, 2001). The UIM present in Hrs is highly trafficking. Fluid-phase tracer studies and TEM of gar-
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mal membrane. A defect in endosomal invagination is
consistent with the reduction in MVBs at hrs mutant
synapses and with a proposed role for yeast VPS27 in
sorting proteins inside the vacuole lumen (Odorizzi et
al., 1998).
Although our data demonstrate that Hrs regulates en-
dosomal maturation in route to lysosomes, several
pieces of evidence suggest that Hrs is not essential for
endosome to lysosome trafficking. First, absence of Hrs
does not lead to a generalized increase in expression
levels of surface membrane proteins, as would be ex-
pected if degradation was blocked. Second, internalized
avidin partially colocalizes with the low-pH indicator dye
lysotracker in mutant garland cells at similar time points
as in wild-type cells, suggesting that internalized pro-
teins may be delivered to lysosomes. Thus, our data
suggest that Hrs specifically functions in endosome in-
vagination, separating membrane and membrane-asso-
ciated proteins that are destined for lysosomes from
those destined for recycling.
Role of Hrs in Receptor Degradation, Signal
Transduction, and Development
Extracellular signals are communicated to cells with re-
markable temporal and spatial resolution. The rapid ki-
netics of signal amplification and termination are critical
to the precision of signal transduction. One mechanism
thought to mediate signal downregulation is the internal-
ization and degradation of cell surface receptors (Ceresa
and Schmid, 2000). Although internalization of receptors
may inhibit ligand binding, many receptors are still ac-
tive, or in some cases, more active, after internalization.
Figure 4. Increased EGFR Activation and Signaling in hrs Mutant Once inside the early endosome, TKRs may either be
Animals recycled back to the surface of the cell or sorted into
Wild-type (A, C, and E) or hrs mKO (B, D, and F) embryos. the multivesicular body (MVB) for degradation in the
(A and B) Stage 9 embryos stained with anti-Vnd antibody.
lysosome (Felder et al., 1990; Honegger et al., 1990).(C and D) Stage 11 embryos stained with anti-Fas III antibody.
It has long been proposed that lysosomal delivery of(E and F) Stage 7 embryos stained with anti-dpMAPK antibody.
cell surface receptors is a negative feedback mecha-(G) EGFR was immunoprecipitated from lysates of 24-  2-hr-old
wild-type (/), homozygous mutant (hrs/hrs), heterozygous nism for downregulation of receptor signaling (Seaman
(hrs/), or hrs/Df pupae and separated using 7% SDS-PAGE. Tyro- et al., 1996). However, there is little in vivo evidence for
sine phosphorylation of the receptor was determined by Western this model, and it remains possible that deactivation of
blotting with antibody 4G10 (top). Membranes were then stripped
the receptor or downstream components may compen-and total precipitated EGFR was detected using anti-EGFR antibody
sate for a failure to downregulate active receptor. Our(bottom).
data suggest that trafficking of TKRs into the MVB plays(H) Lysates (50 g) from 24- 2-hr-old pupae were separated using
SDS-PAGE, transferred to nitrocellulose, and probed for Neurexin an important role in signal attenuation. Interestingly,
IV (Nrx), Crumbs (Crb), or Syntaxin 1A (Syx). several of the morphological phenotypes observed in
(I) Conservation of ubiquitin interacting motif (UIM) in Hrs family hrs mKO embryos are also seen in mutations affecting
members. Abbreviations are as follows: Dm (Drosophila, aa 264–
the torso pathway. For example, posterior cellularization284), Hs (Human), Ce (C. elegans), and Sc (S. Cerevesiae). Red
defects are also observed in fs(1)polehole and l(1)pole-indicates invariant alanine and serine residues; green indicates con-
hole/D-raf embryos (Perrimon et al., 1986), and twistedserved residues present in 50% of UIMs; black indicates residues
conserved in Hrs family members. gastrulation phenotypes are also observed in torso em-
(J) Hrs binds ubiquitin. Purified GST or GST-ubiquitin bound to gluta- bryos (Leptin et al., 1992).
thione-sepharose beads was incubated overnight with pupal extract Recently, overexpression of Hrs in HeLa cells has
(top) or pure N-Hrs1–376 (bottom), washed, and separated using SDS-
been shown to inhibit ligand-mediated degradation ofPAGE. Load lanes contain 50 g of extract (top) or 50 ng pure N-Hrs
EGFR, suggesting that Hrs may function to prolong(bottom). Hrs was detected by Western blotting with anti-FL-Hrs
EGFR signaling (Chin et al., 2001). In contrast, our dataantibody.
suggest the opposite function for Hrs, namely that it
functions to attenuate TKR signaling by promoting deg-
radation of the tyrosine-phosphorylated, or active, re-land cells reveal a dramatic enlargement of early endo-
somes, a phenotype that is also seen in mice lacking ceptor. Interestingly, although active Egfr is upregulated
in our hrs mutants, total levels of the receptor are de-Hrs (Komada and Soriano, 1999). Furthermore, TEM
analysis of garland cells indicates that the enlarged en- creased, suggesting that Hrs is specifically required for
degradation of active receptors. This reduction in totaldosomes result from an inability to invaginate endoso-
Hrs Regulates TKR Degradation and Signaling
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UAS-hrs to the GAL4 line BG57 (Budnik et al., 1996). mKO embryos
were collected from adult females of the genotype hs-FLP/; hrs
FRT40A / P{ovoD1}, P{ovo D1} FRT40A that received one pulse of heat
shock at 38	C for 1–2 hr during first-instar larval development (Chou
et al., 1993).
Biochemistry
His-tagged and GST-fusion proteins were expressed and purified
as described by manufacturer. The full-length Hrs antigen was pre-
pared by running inclusion bodies on a preparative acrylamide gel
and excising the appropriate molecular weight band, while N-HrsFigure 5. Model for Hrs Function
protein was generated by thrombin cleavage of soluble GST-N-Hrs
Hrs stimulates inward budding of endosome membrane, leading to bound to glutathione-sepharose. Polyclonal antibodies against Hrs
sorting of activated TKRs into internal vesicles of MVBs. This pro- and SNAP-25 antigens were generated by injection into guinea pigs
cess is required to degrade active TKRs and downregulate TKR and rats (Cocalico Biologicals). GST-pull-down binding assays were
signaling. performed as described (Wu et al., 1999). Egfr immunoprecipitation
was performed essentially as described (Wides et al., 1990) on ly-
sates from pupae at 25%  2% development using rabbit anti-Egfr
(Lesokhin et al., 1999) at 1:200. At this stage, mutant pupae grosslyreceptor is likely due to a well-characterized negative
appear normal.feedback mechanism whereby Egfr hyperactivation in-
hibits receptor transcription (Sturtevant et al., 1994).
In summary, we propose the following model for Hrs Immunohistochemistry, Western Analysis,
function (Figure 5). (1) Endocytosis of activated tyrosine and In Situ Hybridization
kinase receptors (2) leads to the phosphorylation of Hrs Western analysis and immunohistochemistry were performed using
standard techniques (see Supplemental Experimental Procedureson the early endosome membrane (Urbe et al., 2000).
at http://www.cell.com/cgi/content/full/108/2/261/DC1 for details).Phosphorylation may enhance the activity of Hrs, which
Images were captured using a Bio-Rad MRC 1024 or Zeiss 510then (3) leads to localized invagination of endosomal
confocal microscope and processed using Adobe Photoshop. tll
membrane. Ubiquitinated receptors may be sorted into and hkb in situs were performed as described (Ghiglione et al.,
the invagination directly via an interaction with the UIM 1999).
of Hrs or indirectly through an interaction with Hrs bind-
ing proteins SNX1, Clathrin, or Eps15 (Bean et al., 2000;
Electrophysiology, Tracer Studies, and Electron MicroscopyChin et al., 2001; Raiborg et al., 2001). Finally, (4) the
Electrophysiology was performed at the wandering third-instar larvalmembrane is pinched off to form a MVB, and (5) the
neuromuscular junction as described (Wu et al., 1998). All recordings
internalized vesicles are trafficked to the lysosome for were performed in HL-3 solution (Stewart et al., 1994). Garland cell
degradation. This process of MVB formation leads to a uptake studies were performed by incubating cells in PBS  0.5%
BSA containing 10 g/mL alexa488 or Cy3-conjugated avidinreversal of membrane topology such that the cyto-
(Sigma) and/or 1M Lysotracker (Molecular Probes). Live cells wereplasmic portion of TKRs is now inside the MVB and
imaged using a Bio-Rad MRC 1024 or Zeiss 510 confocal micro-unable to signal to downstream components. In this
scope and processed using AmiraTM 2.2 software (Template Graph-model, receptor-mediated activation of Hrs and MVB
ics Software, Inc.) and Adobe Photoshop.
formation serves a critical role in attenuating tyrosine EM supplies were obtained from Electron Microscopy Sciences.
kinase receptor signaling. For the NMJ, wandering third-instar larvae were dissected in HL-3
and fixed in 0.13 M Cacodylate buffer containing 4% paraformalda-
Experimental Procedures hyde and 1% gluteraldehyde (pH 7.2). Samples were secondarily
fixed in 1% OsO4 in 0.13 M cacodylate buffer containing 0.26 M
Molecular Biology sucrose (pH 7.2), stained en bloc with 2% uranyl acetate, dehy-
The Drosophila hrs cDNA (LD07577) was obtained from Research drated, and imbedded in Scipoxy 812 resin (Energy Beam Sciences).
Genetics and sequenced. The UAS-hrs construct was generated Serial sections (65–75 nm) were collected on nickel grids, stained
by cloning the hrs cDNA into pUAST using NotI/KpnI. The hs-hrs with 1% uranyl acetate followed by Reynold’s lead citrate, and ob-
construct was made by cloning hrs cDNA (NotI/KpnI) into pCasper- served with an Hitachi H7000 transmission electron microscope.
hs (NotI/XbaI). The genomic rescue construct was generated by Synapse area was measured using NIH image 1.62. HRP uptake by
cloning an 11.5 kb SmaI restriction fragment of a P1 genomic phage garland cells was studied by incubating third-instar larval garland
(DS06400) containing hrs into the SmaI site of pCasper3. cells in HL-3 or HL-3 containing 0.7% HRP (Sigma grade VI) for 5
For His-tagged fusion protein constructs, the ORF of Hrs (aa 1– min, and was fixed and processed for EM as described (Kosaka
760) or SNAP-24 (1–212) was cloned into pET-28a (Novagen) using and Ikeda, 1983).
NdeI/EcoRI and EcoRI/XhoI, respectively. pET-28c-SNAP-25 was
generated as described (Wu et al., 1999). pGEX-Ubiquitin (G76A)
was obtained from W. Harper. GST-N-Hrs (aa 1–376) and GST-C- Acknowledgments
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